Parasitic worms (helminths) within the Phyla Nematoda and Platyhelminthes are responsible for some of the most debilitating and chronic infectious diseases of human and animal populations across the globe. As no subunit vaccine for any parasitic helminth is close to being developed, the frontline strategy for intervention is administration of therapeutic, anthelmintic drugs. Worryingly, and unsurprising due to co-evolutionary mechanisms, many of these worms are developing resistance to the limited compound classes currently being used. This unfortunate reality has led to a renaissance in next generation anthelmintic discovery within both academic and industrial sectors. However, a major bottleneck in this process is the lack of quantitative methods for screening large numbers of small molecules for their effects on the whole organism. Development of methodologies that can objectively and rapidly distinguish helminth viability or phenotype would be an invaluable tool in the anthelmintic discovery pipeline. Towards this end, we describe how several basic techniques currently used to assess single cell eukaryote viability have been successfully applied to parasitic helminths. We additionally demonstrate how some of these methodologies have been adopted for high-throughput use and further modified for assessing worm phenotype. Continued development in this area is aimed at increasing the rate by which novel anthelmintics are identified and subsequently translated into everyday, practical applications.
INTRODUCTION
Cell biology, microbiology, immunology and parasitology are four disciplines that involve the study of single cell-or multi-cellular organisms in an attempt to further understand diverse prokaryote and eukaryote biological processes. The outcome or interpretation of these investigations is often dependent upon objective quantification of organism viability. To meet this goal, and in response to the sheer diversity of experimental assays used within these scientific disciplines, many types of complementary or competing technologies have been developed. This variety is most evident in laboratories studying the biology of single cells derived from tissues or 650 EMILY PEAK and KARL F. HOFFMANN causes a wide range of clinical pathologies (King et al. 2005) , which collectively leads to approximately 300,000 deaths per annum (Hotez and Fenwick 2009) . Currently, praziquantel is the only effective treatment against the three major species (S. mansoni, S. haematobium and S. japonicum) of schistosome that causes human schistosomiasis. The heavy reliance on this chemotherapy and its inability to protect from reinfection is causing real fears that praziquantel resistant schistosomes may be developing (Doenhoff et al. 2009 ). With the recent sequencing of this parasite's genome (Berriman et al. 2009 , Zhou et al. 2009 ) providing insight into new gene families and the availability of several functional genomics tools providing the technology useful in characterising them (Brindley and Pearce 2007, Hokke et al. 2007) , there is now a strong belief within the schistosome community that novel chemotherapies and immunoprophylactics will be found (Loukas and Bethony 2008) . We contend that this objective would be greatly accelerated by the existence and community adoption of reliable high throughput in vitro screening methods to quantify parasite viability and phenotype.
In recent years, this subject has drawn the attention of the schistosome research community (Keiser 2009 ) and led to a concerted effort to develop new methods for widespread use and adoption. Here, we provide a general overview into the most common methodologies used for measuring eukaryote cell viability and specifically detail those that have shown promise in being adapted for objectively quantifying viability/phenotype of helminth parasites (exemplified by schistosomes and nematodes). It is envisioned that wide adoption of these methodologies within both industrial and academic sectors will enable rapid progress to be made (and confidently replicated) in identifying next generation anthelmintics for veterinary and biomedical use.
METHODS FOR MEASURING SINGLE CELL EUKARYOTE CELL VIABILITY/PHENOTYPE
The most basic of all techniques for assessing single cell viability or phenotype involves direct bright-field, light microscopic observations of individuals or populations. While this method can provide some information on phenotype, (i.e. motility, shape, and colour) it is not generally applied to all eukaryotic cell types, as many may not display motility or visibly change shape/colour upon death. Therefore, direct microscopy is only rarely used with single cell eukaryotes as an objective measure of viability.
When microscopy alone is unable to differentiate between viable and nonviable cells, many methodologies incorporate a dye or stain to make phenotypic visualisation easier. Indeed, dyes constitute the most common adaptation to microscopic assessment of viability because they are inexpensive, easy to use and provide rapid results. A large selection of dyes/stains are currently in use and can be divided into those that are actively/passively transported across intact cellular membranes ('vital dyes') or those that are preferentially excluded from intact cellular membranes ('non-vital dyes'). Historically, microscopic methodologies that incorporate these dyes/stains have been used to objectively determine whether an individual cell is alive (e.g. by quantifying enzymatic activity on transported dye/stain) or dead (e.g. by measuring the ability of dyes, normally excluded from intact membranes, to cross compromised cell membranes) (Coder 1997). MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and methylene blue are two such vital dyes that have been successfully used to distinguish eukaryotic cell viability (Levitz and Diamond 1985, Iida et al. 1990 ). With MTT, the membrane permeable tetrazole is converted into a purple formazoan product inside live cells through the action of the enzyme mitochondrial reductase. The purple formazoan product that is now trapped within the intact cell allows colorimetric distinction between live (purple) and dead (non coloured) cells. Likewise, methylene blue diffuses into both live and dead cells, but in contrast to MTT, is reduced to a colourless form in living cells by the action of enzymes such as catalase (first observed by Cathcart 1906). This feature leads to the discriminatory staining of dead cells (remaining blue). Colorimetric vital dyes of this sort have been successfully adopted within the protozoan parasitology community where, for example, MTT has been used to objectively quantify the viability of Leishmania chagasi promastigotes (Miller et al. 2000) . Similarly, the non-fluorescent vital dyes calcein AM and fluorescein diacetate (FDA) are also freely transported across the membranes of intact cells where HELMINTH VIABILITY AND PHENOTYPE MEASURES 651 they are enzymatically converted by esterase into fluorescent membrane impermeable products, calcein anion (Decherchi et al. 1997 ) and fluorescein (Schnurer and Rosswall 1982) , respectively. Dead or dying cells with compromised membranes and inefficient esterase activity do not accumulate these fluorescent products and, therefore, cannot be brightly stained (Rotman and Papermaster 1966) .
In contrast to membrane permeable vital dyes, another commonly used class of colourimetric or fluorescent compounds is predominantly excluded by intact cellular membranes. These non-vital dyes preferentially stain internal structures of a cell upon breaches in membrane integrity, which occurs following cell death, and are very useful in identifying dead or dying cells. Dyes in this category include the colorimetric dye trypan blue and the fluorescent nucleic acid dyes propidium iodide (PI) and ethidium homodimer (EthD). Upon breaches in cell membrane integrity, trypan blue will preferentially stain intracellular proteins leading to the differential identification of dead cells (blue) in a population (Harper et al. 1981) . In parasitological studies, this property has been successfully applied to the protozoan shellfish parasite Bonamia ostreae (Culloty et al. 1999) . Here, the authors utilised trypan blue for specifically quantifying differential parasite viability prior to experimentally infecting a diverse group of shellfish species. Similar to trypan blue, the fluorescent DNA dyes PI and EthD will also be excluded from live cells and only cross membranes upon breaches in integrity. In dead cells, PI and EthD can intercalate into double stranded DNA (with little or no sequence preference) (Jones and Senft 1985) as well as RNA and, upon nucleic acid binding, these dyes' fluorescent properties can be enhanced up to 30 fold. These properties have been recently adapted for use in viability screening of Trypanasoma (for example) and, in particular, PI was found to be highly successful in drug development assays or resistance monitoring (Gould et al. 2008) .
Due to broad availability and ease of use, both vital and non-vital dyes are popular and widely applied reagents for measuring viability across disciplines. Reagent commercialisation (e.g. Invitrogen's LIVE/DEAD viability/cytotoxicity kit for mammalian cells that utilise both calcein AM and ethidium homodimer) and academic adaptation (e.g. dual FDA and PI staining of the protozoa parasite Giardia for discriminating viability of these flagellated parasites responsible for giardiasis (Schupp and Erlandsen 1987) ) demonstrates the experimental utility of combinatorial dye use. However, a major drawback of measures based solely on vital and non-vital dyes is that they only provide an indirect indication of viability. For example, enzyme activity and breaches in membrane integrity may not always develop uniformly in cells under investigation, thus measurements solely reliant upon dyes/stains could lead to overor under-indications of viability. There is also a limited window in which the selective nature of some of these viability dyes is maintained. For example, it has been observed that trypan blue staining of a tested cell population can non-specifically increase after about 5 mins (Park et al. 2000) , which obviously decreases discriminatory power of this dye.
To avoid these issues of indirect measurements of membrane integrity, a variety of competing methods have been developed that can measure cell membrane integrity directly. These tests measure membrane potential (difference in voltage between interior and exterior of cell) by specific quantification of intracellular ion content (Cook and Mitchell 1989) . Measurement of intracellular ions as an indication of viability relies on living cells maintaining high intracellular levels of some ions and low intracellular levels of others through active transport mediated by specific channels and pumps across their membranes. When a cell dies, the ability to maintain these ion gradients is lost and this feature can be measured experimentally. One specific way to infer membrane potential of cultured cells involves the measurement of intracellular stores of potassium (K + ) and sodium (Na + ) ions. Here, Pichugin et al. described a procedure by which all intracellular K + and Na + stores could be released by trichloroacetic acid (TCA) and measured using a flame photometer (Pichugin et al. 2006) . Whilst effective, this test and others like it are not widely used due to the high level of preparative work required (extensive washing of extracellular sources of K + and Na + as well as a 24 hr TCA incubation of target cells to maximise release of intracellular ion stores). Therefore, the use of voltage sensitive dyes such as DiBAC 4 (3) (bis-(1, 3-dibutylbarbituric acid)- In addition to quantifying membrane potential, a selection of viability assays have also been developed that directly measure other aspects of cell biology. For example, cellular stores of adenosine-5'-triphosphate (ATP) can be accurately quantified by taking advantage of the bioluminescent properties of recombinant firefly luciferase (Ahmann et al. 1987) . The principle of this assay is based on the assumption that greater numbers of viable cells in an assayed sample will produce larger amounts of ATP. Upon lysis of these cells, and in the presence of ATP-utilising luciferase, a corresponding amount of bioluminescene will be observed correlating to the total number of viable cells initially under investigation. Whilst elegant, some challenges in inferring cell viability based on ATP/bioluminescence measures alone may make interpretation of results difficult. For example, incomplete lysis of cells can lead to an underestimation of viability. Also, increases in cellular ATP production (and subsequently measured bioluminescence) can simply be explained by altered metabolic state and not by the absolute amount of viable cells present in a sample. Finally, the destructive nature of this assay precludes further downstream manipulation of the studied cell populations or for the subsequent collection of other phenotypic data, such as shape or granularity. Therefore, in experiments where these issues may be anticipated or encountered, other complementary methods in detecting cell viability may be better suited.
One such method includes electric cell-substrate impedance sensing (ECIS) (Giaever and Keese 1993), which is a label free method for detecting cell viability.
ECIS measures alterations in electrical current passing through gold electrodes placed at the bottom of a culture flask. Changes in current magnitude, caused by cell culturing, are a quantifiable indication of density (cell growth), shape and cell movement. This methodology can provide not only a measurement of viability but also of stress and does not require further manipulation such as lysing of target cells. It has been used for such diverse purposes as measuring cell shape during apoptosis (Arndt et al. 2004 ) as well as to study the kinetics of cell growth and spreading (Wegener et al. 2000) . However, as cells need to be in constant contact with the gold electrodes during culturing, this technique is primarily suited for use with adherent cells.
DEVICES/EQUIPMENT USED FOR COLLECTING SINGLE CELL EUKARYOTE VIABILITY/PHENOTYPE MEASURES
All cell viability methods that involve the use of stains or fluorescent dyes also require some means of visualising the results and recording the information that is being measured. This might be as basic as a light microscope and a person with a cell counter and a notebook, or it can involve more complicated equipment such as spectrophotometers, microtiter plate readers (equipped to detect fluorescence, bioluminescence, absorbance, etc.), flow cytometers or high content screening systems. Microscopes have the benefit of being readily available, relatively affordable and easy to use; however, they offer only low processivity, which thereby limits throughput. Microscopy can also suffer from subjectivity due to inherent difficulties in agreeing upon a standard set of criteria for use in quantifying cell viability. Because of these limitations, a microscope is most useful in identifying cell viability from small cell populations in a low throughput manner, for example assessing the viability of mouse embryos prior to implantation (Mohr and Trountson 1980) . Spectrophotometers and microtiter plate readers automate the collection of data and, importantly, provide an objective measure of viability. Microtiter plate readers are particularly good at processing larger and more complex samples such as those typically found in experiments involving drug screening (Monks et al. 1991 , Tian et al. 2007 . Flow cytometry is another widespread technique for measuring viability of cell cultures or cell suspensions and has been found to be suitable for use with protozoan parasites such as Babesia bovis (Davis et al. 1992) and Plasmodium spp (Totino et al. 2008) . It is usually combined with selective dye uptake, either colorimetric, such as trypan blue or fluorescent, such as propidium iodide (Hutter and Eipel 1978) . Whilst viability determination measured by a flow cytometer is not as high throughput as what can be achieved with a microtiter plate reader, flow cytometry has higher processivity than microscopy.
High content screening systems such as the ArrayScan VTI from Cellomics and the ImageXpress UL-TRA from Molecular Devices are a more sophisticated approach in measuring cell viability. These instruments represent a next generation technology, as they are capable of measuring multiple diverse phenotypic parameters, in addition to viability. High content screening systems generally consist of an epi-fluorescent or a confocal microscope equipped with a camera as well as powerful computer systems capable of high levels of data storage and analysis. These instrument systems may also contain cell culture chambers and robotic handling platforms to facilitate live cell imaging and automated manipulations of cultured cells. Utilising this collection of hardware, high content screening systems can simultaneously collect a multitude of parameters (e.g. cell movement, nuclei morphology and mitochondria transmembrane potential) providing the end user with a rich dataset of information useful in interpreting how a population of cells responds to experimental manipulation (Abraham et al. 2003 , Ng et al. 2010 . A recent use of this technology involved high-throughput drug screening of the protozoan parasite Giardia lamblia (Gut et al. 2011) . Currently, the initial expense of this equipment combined with the need for specialised software (which may require a great deal of time and expense to develop), are limiting factors in the widespread academic use of these high content screening systems.
WHOLE ORGANISM APPROACHES USED TO QUANTIFY SCHISTOSOMA VIABILITY
The viability assays detailed above for use with single cell eukaryotes represent only a selection of the scope that is available, with the variety of developed techniques signifying just how important this parameter is to biologists. Parasitologists working with multicellular helminth worms have an equal need for determining if their test subjects are alive and how they are responding to drug tests, RNAi screens and other experimental manipulations. Being multicellular, and hence larger, has provided an advantage in viability screening of these parasites by making microscope investigations relatively straightforward to perform. However, helminth size and microscopic detection of viability are also potential hindrances to the development of high throughput methods, which are often dependent upon assay miniaturisation, objectivity and exacting quantification. Recently, progress has been made in adapting several complementary techniques originally developed for measuring viability in single cell eukaryotes to multicellular parasites and some of these have the potential to be used with schistosomes and other helminth parasites.
From the available selection of viability assays that have been developed for use with single cell eukaryotes (reviewed above), it is surprising to find that only a limited range of techniques have successfully been translated to studies with helminth parasites such as schistosomes. Some difficulties in assay adaptation are likely related to the schistosome's multi-cellular nature, its size (>1cm), its tissue complexity and its external tegument bound by a heptalaminate membrane. While this heptalaminate membrane, consisting of two tri-laminate membranes, is thought to be responsible for protecting the parasite from host-mediated immune responses (Skelly and Wilson 2006) it is also selectively permeable to macromolecular molecules, simple compounds and even water (Skelly and Wilson 2006). However, despite these apparent challenges in parasite biology, there is evidence that the problems are potential rather than actual and that some single cell viability techniques can be successfully adapted to schistosomes.
In some ways the size and complexity of schistosomes can be useful attributes for determining viability. Unlike single cells, the size of schistosomes makes morphological differences relatively apparent when visualised by bright-field, light microscopy. The regular movement of both larval and adult schistosomes has also proven to be a valuable trait in assessing schistosome viability in vitro, as lack of movement is a good, though not infallible, indicator of death. Motility, together with other microscopic characteristics (e.g. shape alterations and granularity) (Butterworth et al. 1982) currently comprise the most common indicators for assessing schistosome viability and represent the 'gold standard' for assessing drug screening protocols and determining RNAi phenotype within the schistosomiasis research community (Abdulla et al. 2009 , Mansour and Bickle 2010 , Štefani et al. 2010 ). However, despite its wide application, bright-field, light microscopic assessment of schistosome viability has several inherent problems. Firstly, this technique requires knowledge of diverse schistosome phenotypes that can only be gained through extensive training. Secondly, using a microscope, detection of schistosome viability will always be subjective due to lack of molecular evidence that death has actually occurred when a schistosome is immobile. Even after proficiency at identifying phenotypes has been attained, this technique is still slow and labour intensive, with a recent study achieving the screening of only 640 potential anti-schistosomula compounds per month (Abdulla et al. 2009 ). Finally, because of the lack of standardisation between laboratories, replication of results obtained by microscopic means is not always possible.
In an effort to avoid the subjective nature of quantifying schistosome viability from microscopic examination of phenotype alone, further adaptations have been developed and are based on the differentiating potential of some of the colorimetric vital dyes mentioned above. For example, methylene blue has been shown to be a reliable dye for differentially staining dead schistosomula (Gold 1997) and has been used for assessing the viability of mechanically transformed schistosomula (Gold and Flescher 2000). Additionally, Magalhaes et al. (2009) have demonstrated the ability of MTT to assess the viability of adult schistosomes following treatment with curcumin (Magalhaes et al. 2009 ). Therefore, vital dyes can be successfully translated from single cell viability markers to those studies involving multi-cellular schistosomes.
Fluorescent compounds have also been used to quantify schistosome viability in low-throughput, microscopic-based methods. Compounds tested in this manner include the DNA intercalating dyes ethidium bromide (a dye very similar to ethidium homodimer mentioned above) and PI (Van Der Linden and Deelder 1984, Nyame et al. 2003) as well as carboxyfluorescein (a compound with similar properties to fluorescein diacetate) (Van Der Linden and Deelder 1984) . Ethidium bromide has been used as a differential stain of dead schistosomula during microscopy (Van Der Linden and Deelder 1984), whereas PI has successfully been used as a differential stain of dead schistosomula for both microscopy and flow cytometry (Nyame et al. 2003) . In contrast to PI and ethidium bromide, carboxyfluorescein has been tested as stain for live schistosomula. However, differentiation proved difficult due to dead schistosomula showing some fluorescence (Van Der Linden and Deelder 1984) .
Advancing the use of single dye staining of schistosomula and incorporating ideas pioneered for use with single cell eukaryotes, a dual fluorescent viability assay has recently been developed (Peak et al. 2010) .
Here the authors combined the use of PI with FDA ( Fig. 1) to allow easy assessment of percent schistosomula viability present in a sample. Using a microtiter plate reader, this helminth fluorescent bioassay (HFB) was developed for medium (96-well microtiter plate, 1000 schistosomula/well) or high throughput (384-well format, 200 schistosomula/well) applications. Use of the HFB could allow a 10-fold increase in the number of compounds screened per month over existing microscope methodologies and has the added advantages of not requiring extensive training in parasite morphology as well as being entirely objective. Currently this assay has been validated with schistosomula and there are indications that it can be adapted for use with adult forms as well as other life stages. Whilst it is clear that the combined use of two fluorescent dyes (PI/FDA) can rapidly and objectively quantify schistosome viability in a high-throughput format, their ability to provide meaningful phenotypic data is somewhat limited. Therefore, other methodologies that allow the automated assessment of phenotype would represent complementary technologies to the HFB.
Imaging software that facilitates non-subjective assessment of schistosome phenotype could be one such method that complements viability readouts. This type of methodology has successfully been employed for use with the miracidial schistosome life stage (Lyddiard et al. 1998) . In this study, the authors used electronic imaging techniques to measure the velocity of individual organisms crossing the microscopic field of view as a means of determining the lethality of a dichlorometh- Fig. 1 -Schistosomula viability can be quantified by differential uptake of fluorescein diacetate (FDA) and propidium iodide (PI). Mechanicallytransformed schistosomula were prepared, heat-killed (dead) or left untreated (live) and stained with both FDA and PI fluorophores according to Peak et al. (Peak et al. 2010) . Parasite uptake of fluorescent dyes was visualised using an epi-fluorescent microscope equipped with 536 nm (rhodamine, red) and 494 nm (FITC, green) filters, while parasite morphology was examined using plane-polarized light. ane extract from the plant Millettia thonningii. However, as miracidia are the only highly motile schistosome life stage, the application of this particular technique to other life cycle forms would likely be limited (perhaps useful for cercariae (Haeberlein and Haas 2008) ). The development of high content screening systems, as previously discussed, is an important step on the road to developing real time visualisation data for all schistosome lifecycle stages. However, while there have been calls for its development (Mansour and Bickle 2010) , there is no published evidence that this has been achieved to date.
One technological advance that may offer a solution to the challenge of quantifying helminth phenotype, until high content screening is an affordable reality, is a motility assay recently developed by Smout et al. (Smout et al. 2010) . This assay, which uses the xCELLigence system from Roche, is similar to the ECIS methodology developed by Giaever and Keese and is based on the detection of changing electrical currents running through mini gold electrodes incorporated into the bottom of tissue culture plates (Giaever and Keese 1993). As schistosomes and indeed most helminths (including immature and mature stages) are quite dense, they will sediment during in vitro culturing and make contact with the gold electrodes. Changes to the culturing conditions that impact a worm's physiology will likely alter its behaviour or phenotype and thus cause a measurable fluctuation in current across the electrodes. As the action of many anthelmintics is reflected by their ability to affect the motility of the target parasite (Bennett and Pax 1986) , the magnitude of these measurable current fluctuations may be an indicator of compounds that have potential therapeutic activity. Smout et al demonstrated that they could use this biophysical characteristic to assess anthelmintic activity of compounds in real time in a high throughput fashion (Smout et al. 2010 ). This technology was applied to adult schistosomes (as well as several species of parasitic nematodes -see below) and used to illustrate that increasing doses of praziquantel cause decreased signal from adult schistosomes, allowing a dose dependent curve to be generated. Whether this technology can be applied to larval schistosome life stages is currently unknown, but appears feasible. This motility assay may provide a superior methodology to microscopy for removing subjectivity in characterising helminth phenotype as well as to make available a technology that could allow direct comparisons of results from different laboratories. The initial cost of the xCELLigence equipment and its limitation of only being useful for experiments involving helminth lifecycle stages that can be cultured in contact with the electrode may restrict its widespread use.
While the above viability/phenotypic assays all involve the use of whole schistosomes, alternative highthroughput molecular approaches in drug discovery are being developed that are complementary to the above technologies. These approaches aim to reduce the need for screening whole living organisms and instead focus on specifically measuring the activity of helminth molecular targets involved in key metabolic or enzymatic pathways (Caffrey 2007) . The ability to study a compound's effect on individual target molecules outside of the whole organism removes potential confounding factors, such as tegumental penetration and detoxification via schistosome metabolism. Furthermore, target based approaches in drug discovery also allow for a greater understanding into the mechanisms of drug action, thus providing opportunities for optimisation of activity. Once drug targets and appropriate compounds that affect target activity have been identified, there will be possibilities for chemists to resolve issues of penetration and metabolism separately during iterative whole organism screening (Woods and Knauer 2010). The recent publication of both S. mansoni and S. japonicum genomes (Berriman et al. 2009 , Zhou et al. 2009 ) has provided a multitude of data readily accessible to this target based approach. Whilst this methodology can greatly reduce the number of whole organisms being used in drug discovery, it will not eliminate them entirely. Once a compound demonstrates efficacy during target based high-throughput screening, it must be tested on whole organisms (using an assay as described above) as well as in an experimental model of schistosomiasis to ensure that anthelmintic efficacy is maintained at no detriment to the host's survival. A recent success in this area involved the discovery of oxadiazoles as novel anti-schistosomal compounds that effectively disrupt the thioredoxin glutathione reductase (TGR) antioxidant pathway (Kuntz et al. 2007 , Rai et al. 2009 ). Here, using both chemical inhibition (auranofin) and molecular (RNAi) methods, the authors identified TGR as a key schistosome enzyme in the antioxidant pathway (Kuntz et al. 2007) . By developing a high-throughput assay using recombinantly expressed TGR in a microtiter plate format, the authors subsequently identified oxadiazoles as a potential new drug class for treating schistosomiasis . The anti-schistosomal activity of oxadiazoles was subsequently confirmed in a whole organism bioassay using both juvenile and adult worms (based on microscopic observations of worm phenotype) as well as during experimental schistosomiasis in a murine model . Whilst this target based approach clearly can identify novel anthelmintics, whole organism bioassays need to be integrated in this pipeline of drug discovery to ensure that the effect observed on a target is not lost on a whole organism. This is a real concern (Woods and Knauer 2010) and is one of the major drivers for development of high-throughput whole organism bioassays such as the helminth fluorescent bioassay (Peak et al. 2010) . We contend that target based high-throughput screening approaches are not suitable for use as standalone technology in the search for novel anthelmintics, but they can effectively complement the whole organism based approach and may be utilised upstream in the drug discovery pipeline when the biology of the target is known.
METHODOLOGIES FOR CHARACTERISING NEMATODE VIABILITY AND PHENOTYPE
Trematodes such as schistosomes are not the only multicellular organisms for which viability and phenotypic state needs to be assessed in the context of disease control. Pathogenic nematodes also present a significant health and welfare problem for both humans and livestock. Currently more than 1 billion people worldwide are infected with at least one species of soil transmitted nematode (Bethony et al. 2006 ) and the health and general productivity of livestock, particularly small ruminants in the tropics, is severely impaired by gastrointestinal nematode infection (Marie-Magdeleine et al. 2010) . Repeated use of anthelmintic drugs represents the most common control strategy for these parasites and the emergence of drug resistance is a very real threat (Wolstenholme et al. 2004 ). Significant resistance has already been reported for benzimidazoles, including thiabendazole, in Haemonchus contortus and ivermectin and moxidectin in cyathostomes (Silvestre et al. 2002 , Owen et al. 2008 . As the global animal anthelmintics market was valued at 3.7 billion USD in 2002 (Smout et al. 2010) , many pharmaceutical companies (e.g. Pfizer, Merck, Novartis and Bayer (Woods and Knauer 2010)) are constantly searching for new drug classes in an effort to meet market needs. A trend within these companies is to revisit whole organism phenotyping as a method to screen vast libraries of proprietary compounds for lead identification (Woods and Knauer 2010). As can be imagined, a robust and quantifiable assay for nematode phenotyping would benefit the search for novel anthelmintics. However, similar to Schistosoma, the current gold standard for assessing the responses of parasitic nematodes to drug treatment is through microscopic determination of phenotype (Smout et al. 2010) . Parameters including shape (e.g. coiled or flaccid) and motility (e.g. paralysed or sluggish) are the most easily discernable. Therefore, the development of a highthroughput method for screening nematode viability or phenotype would greatly benefit both the pharmaceutical and research communities.
Unlike work performed on both single cell eukaryotes and schistosomes, there is a paucity of examples for the use of vital and non-vital dyes in whole organism, high throughput screening of nematode viability. Examples are limited to MTT staining of filarial nematodes including Onchocerca volvulus (Comley et al. 1989) and SYTOX green (DNA intercalating stain with fluorescent properties similar to EthD and PI) staining of the non-parasitic nematode Caenorhabditis elegans (Gill et al. 2003) . The lack of studies reporting the use of dyes/stains in distinguishing nematode viability is likely due to the robust nature of the nematode's cuticle, which prevents many dyes/stains from entering the coelomate body plan as well as the fact that phenotype such as motility, as opposed to viability, is the most commonly accepted readout utilised in both academia and industry Pax 1986, Smout et al. 2010) . Therefore, the focus of the nematode community seems to be on developing more sensitive and objectively quantifiable ways to identify differential changes in parasite motility upon experimental treatment. One methodology developed specifically for the analysis of nematode motility is based upon the physical properties of light disruption where a photodiode measures a beam of light transmitted through a vertical column of culture medium (Bennett and Pax 1986) . Using this methodology, the authors demonstrated that live, motile nematodes within the culture media caused intermittent disruptions in a light beam shone through the culture vessel, while dead or immobile nematodes caused no disruption, or continuous disruption. The authors additionally found a direct correlation between lower frequency disruptions and lower motility in the nematodes being assayed, thus providing a quantitative metric. This test was originally developed using Nippostrongylus brasiliensis, Ascaris suum, Brugia pahangi and Caenorhabditis elegans (Bennett and Pax 1986 ) but was later demonstrated as effective for use with Haemonchus contortus (Folz et al. 1987) . Despite the fact that this test seems to present a rapid and simple means of determining nematode viability, there is little evidence that its use has become widespread, possibly due to the non-commercial source of the equipment being used.
Another more recent technique to provide a means of quantifying nematode motility utilises the previouslydescribed assay developed by Smout et al. where fluctuations in electrical currents are measured by the xCELLigence system (Smout et al. 2010) . The authors demonstrated differential motility differences between ivermectin treated larval Strongyloides ratti and Haemonchus contortus compared to control worms as well as thiabendazole treated adult Ancylostoma caninum compared to controls. As the xCELLigence system also works on adult schistosomes (see above), this single approach in measuring worm motility has broad applications for multiple parasitic helminth species (within the Platyhelminthes and Nematoda) and represents a promising methodology for academic and industrial consideration.
CONCLUSIONS
Throughout the last century, a diverse array of viability assays has been developed for use with single cells derived from tissues or unicellular organisms. The fundamental principles underlying progress in this area have been invaluable for the improvement of viability screening techniques for use with multi-cellular helminth parasites (Table I) . It is clear from recent publications that low throughput, subjective measures of helminth viability, motility and phenotype are now beginning to be superseded by emerging quantitative technologies within laboratories studying the biology of both nematodes and trematodes , Peak et al. 2010 , Smout et al. 2010 . It is anticipated that further quantitative advancements in this area will continue to evolve and positively impact upon basic investigations of helminth biology. More importantly, utilisation of these high-throughput tools offers a tremendous opportunity for the rapid discovery of urgently needed drug classes useful in the control of these devastating parasitic infections.
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RESUMO
Vermes parasíticos (helmintos) dos filos Nematoda e Platelmintos são responsáveis por algumas das doenças infecciosas crônicas e mais debilitantes das populações humana e animal em todo o globo. Já que nenhuma vacina está prestes a ser desenvolvida para nenhum parasita helmíntico, a frente estratégica de intervenção é a administração de drogas terapêuticas anti-helmínticas. De maneira preocupante, e não surpreendente devido a mecanismos coevolutivos, muitos destes vermes estão desenvolvendo resistência às limitadas classes de compostos que têm sido usados no momento. Esta infeliz realidade levou a um renascimento na descoberta de uma nova geração de anti-helmínticos tanto no setor acadêmico quanto no industrial. Contudo, um importante gargalo neste processo é a falta de métodos quantitativos para testar um grande nú-mero de pequenas moléculas em relação aos efeitos sobre o organismo inteiro. O desenvolvimento de metodologias que possam distinguir objetiva e rapidamente a viabilidade dos helmintos ou o fenótipo seria uma ferramenta valiosa para canalizar a descoberta de anti-helmínticos. Para este fim, descrevemos aqui como muitas técnicas básicas, correntemente usadas para avaliar a viabilidade de células únicas de eucariotos, têm sido aplicadas com sucesso para helmintos parasí-ticos. Adicionalmente demonstramos como algumas destas metodologias foram adotadas para uso em larga escala e além disso modificadas para avaliar o fenótipo de vermes. O desenvolvimento contínuo nesta área está voltado para aumentar a taxa com que novos anti-helmínticos são identificados e subsequentemente traduzidos em aplicações práticas cotidianas.
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